We describe both coherent combining and wavelength stabilization of 10 tapered lasers in an external Talbot cavity with a volume Bragg grating. 1.7W at 976 nm in a narrow bandwidth, high coherent beam are obtained.
Introduction
High-power laser diode arrays are very attractive for applications such as solid-state laser pumping or laser material processing due to a very good overall efficiency. Inconveniently, however, their beam quality and spectrum bandwidth are often too far from the requirements for demanding applications. A well-known way to enhance the overall spatial quality of several independent lasers is to induce a coherent combining of their beams by phase locking between the emitters. This has already been investigated successfully with CO 2 lasers, fiber lasers and semiconductor diode lasers [1] . In the latter case however the best results to date are limited by the self-operation of the bar. Moreover, volume Bragg gratings are extensively utilized for spectral narrowing and stabilization of broad area lasers and arrays [2] . We propose to take benefit of the self-imaging Talbot properties inside an external cavity to induce the coherent emission of an array of index-guided tapered lasers, and to force them to operate in the inphase spatial supermode. With the aim to favor coherent coupling and to strongly control the emission wavelength, we use a volume Bragg grating (VBG) as the external cavity mirror of the Talbot cavity.
Theoretical study
The Talbot effect describes the self-imaging properties of a periodic coherent field [3] . It is a pure Fresnel diffractive phenomenon resulting from the free-space propagation of a periodic field. The source array produces exact replica (in amplitude and phase) of the emitted field at integer multiples of the so-called Talbot distance (Z T = 2p 2 /λ), which is linked to the spatial period p of the optical field. Within an external cavity designed to precisely reflect one of these replica onto the array, a maximal coupling between adjacent emitters may be obtained, resulting in the coherent emission of the entire bar. Actually for a roundtrip cavity length equal to one Talbot distance, the in-phase and outof-phase modes have identical coupling strengths, which forbids any discrimination between them. On the contrary the spatial discrimination between these 2 modes is maximal after a propagation of Z T /2. Indeed at that distance, the out-of-phase mode is self-imaged whereas the in-phase mode is imaged with a lateral shift of p/2. By placing the external mirror at Z T /2 with an angle of λ/2p, the in-phase mode may then be selected.
We have developed a numerical model to describe the behavior of such a Talbot external cavity with a bar of index-guided tapered laser diodes. The electrical and optical description of the tapered emitters has already been studied and is described in [4] . The isothermal electrical model consists of the 1D unipolar carrier-diffusion equation, where the injection current density J(x) is assumed fixed constant inside the stripe. This equation is used to model the gain distribution and carrier lensing effects. The optical fields in the tapered laser are modeled with the 2D wideangle finite difference beam propagation method (WA-FDBPM) with the effective index approximation. Furthermore the free-space propagation in the external cavity is based on Fresnel diffraction equations, and a plane output mirror (R = 40%) has been considered. The optical beam is assumed to be TE polarized and monochromatic. Eventually an iterative approach similar to the Fox-Li method is used in order to compute the array spatial mode. The optical beam is propagated back and forth inside the cavity until it reaches a steady state in terms of power and amplitude profile.
With the help of these simulations, the strong modal discrimination of the Talbot cavity has been confirmed: without tilting the output mirror, the laser array oscillates in the out-of-phase mode whereas with a tilt angle of λ/2p, the in-phase mode is selected. The output power vs the operating current has been computed for the in-phase supermode operation of the laser bar, and compared well to experimental L-I characteristic (Figure 4) . Furthermore a map of the intensity repartition inside the semiconductor medium has been simulated in Figure 1 . Due to the asymmetry of the cavity and the finite size of the array, the Talbot replicas are distorted at the edges of the laser array. Thus the optical field reflected by the external mirror is imperfectly coupled into the edge waveguides. This results in extra propagation losses inside the index-guided lasers and reduces the effective external-cavity feedback up to 20% for off-axis emitters as compared to 30% for the center one. 
Experimental Results
In our experiments, the laser source is an array of 10 index-guided tapered lasers with a 100 µm-pitch emitting around 975 nm. The active layer consists of a strained GaInAs quantum well embedded in a large optical cavity. The lateral structure of the emitters is a tapered ridge with a narrow angle (< 1°) and an overall cavity length of 2.5 mm [5] . The tapered design allows high power emission together with single transverse mode operation thanks to the widened active section. The far field full-width at 1/e 2 in the slow axis is 2.7° and the M 2 parameter is < 2. The rear facet is high-reflection coated. Thanks to the antireflection coating (R < 10 -3 ) on the front facet of the laser array, no laser emission but only amplified spontaneous emission is observed without external cavity.
Our experimental setup is shown in Figure 2 . The beam from the laser array is collimated in the fast axis direction with a high NA acylindric lens. A volume Bragg grating from ONDAX, Inc is used as the external mirror. It is designed to reflect 40% at 976 nm with a spectral bandwidth ∆λ= 0.3 nm. The angular acceptance of the volume Bragg grating (VBG) is ∆θ= 2° (FWHM), which is larger than the divergence of the laser array. The diffraction efficiency of the VBG will then remain close to maximum. The pitch between the emitters being 100 µm, the Talbot self-imaging length is 20.4 mm, and the VBG is located at a quarter of the Talbot distance from the front facet. This setup results in a very compact and simple cavity with only one intracavity element for limited intracavity losses. The whole setup is mounted on a copper bloc and actively thermally regulated.
With the VBG as the output coupler of the cavity, a power of 1.7 W at an operating current of 3.9 A has been obtained. The slope efficiency is 0.6 W.A -1 (see figure 4) . With unslanted VBG, the cavity operates in the out-ofphase mode, but by tilting the VBG by an angle α=λ/2p, the in-phase mode is selected. The slow-axis angular distribution of the laser was measured with a CCD camera at the Fourier plane of a cylindrical collimating lens. The far-field profile exhibits interferences peaks, which is a clear evidence of the phase locking in the in-phase mode. A fringe contrast as high as 80% as been measured at low power (800 mW, I = 2.5 A), which demonstrates the high degree of coherence induced by the Talbot external cavity. At higher currents, the contrast decreases to 70% due to increased incoherent free-running contribution. The maximal output power is only limited by the thermal roll-over of the array which appears at 4 A under our experimental conditions. We have checked that similar performance is obtained with a plane mirror as the output coupler instead of the VBG; the coherent combining is thus not degraded by the use of a volume grating.
In order to characterize the spectrum of the laser array, we have measured the so-called spectrally resolved near field (SNeaF) of the laser array. The near-field spatial profile is imaged on the input slit of a monochromator, and a camera is positioned in the output plane. A typical SNeaF of our external-cavity laser is given in Figure 5 : the slowaxis near-field profile of the bar is displayed in the vertical direction, and the spectrum of each separate emitter in the horizontal one. Obviously each emitter is locked at the Bragg wavelength, with no evidence of parasitic lines. A high-resolution (10 pm) spectrum is also given in Figure 6 , which confirms the strong spectral locking induced by the VBG; no relative emitters drift is observed, and the whole bar spectrum remains within 100 pm (FWHM). 
Conclusion
We have modeled the external-cavity operation of an array of index-guided tapered lasers, by use of an iterative method inside the semiconductor waveguides and in the free-space external cavity. We have demonstrated both theoretically and experimentally the efficient coherent combining of an array of tapered lasers in a Talbot external cavity. Furthermore wavelength stabilization has been achieved simultaneously by use of a volume Bragg grating as the external mirror. A very simple and compact cavity has been developed. A high coherence is obtained with a contrast higher than 0.7. The spectrum is narrowed to 100 pm and stabilized at the Bragg wavelength whatever the operating conditions. This results in a high brightness and high spectral quality laser source. Further increase of the output power is expected from a lower grating reflectivity.
